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Homologous regions (hrs), which are present at eight dispersed locations on the Autographa californica multinucleocapsid
nuclear polyhedrosis virus genome, are composed of repeated imperfect palindromes within directly repeated sequences.
Hrs act as transcriptional enhancers of RNA polymerase II-mediated transcription and as origins of DNA replication when
incorporated into plasmids and tested in transient replication assays. To characterize the physical structure of these
elements and to determine the role that mismatched nucleotides may play in hr function, oligonucleotides containing a
consensus mismatched ‘‘imperfect’’ palindrome and a closely related ‘‘perfect’’ palindrome were synthesized. These se-
quences were cloned into individual plasmids and tested for their ability to form cruciform structures using nuclease P1
assays and two-dimensional (2-D) gel analyses of topoisomers. The perfect palindrome formed a cruciform structure and
the energy requirement for its formation was predicted to occur under physiological conditions. In contrast, the construct
containing an imperfect palindrome did not form a cruciform under these conditions. Both hr constructs were found to bind
IE-1 in electrophoresis mobility shift assays and act as enhancers when cis-linked to the baculovirus 39K early gene
promoter. However, a single oligonucleotide containing the palindrome sequence did not bind IE-1 when annealed under
conditions conducive to hairpin formation. q 1996 Academic Press, Inc.
INTRODUCTION p143 (Lu and Carstens, 1993). These studies have shown
that hrs can enhance expression by more than 1000-
The Baculoviridae are a diverse group of occluded fold when cotransfected with a plasmid containing the
DNA viruses that primarily infect lepidopteran insects baculovirus regulatory gene ie-1. Hrs have also been
(Blissard and Rohrmann, 1990). The most well-character- shown to function as putative origins of DNA replication
ized baculovirus, the Autographa californica multinucleo- in transient replication assays (reviewed in Kool et al.,
capsid nuclear polyhedrosis virus (AcMNPV), has a circu- 1995). Gel retardation assays have shown that whole-
lar double-stranded DNA genome of 134 kb that encodes cell extracts from Sf9 cells transfected with ie-1 contain
approximately 150 genes (Ayres et al., 1994). Dispersed one or more proteins that can bind to regions within
throughout the AcMNPV genome are eight homologous hr5 (Guarino and Dong, 1991; Guarino and Dong, 1994;
regions or hrs (hr1, hr1a, hr2, hr3, hr4a, hr4b, hr4c, and Rodems and Friesen, 1995) and hr1a (Leisy et al., 1995).
hr5) that vary in size from 0.2 to 1.0 kb and are composed In vitro-translated IE-1 is also capable of binding to hr5
of multiple highly conserved repeated sequences. Each (Choi and Guarino, 1995). A combination of DNA binding
hr has two to eight copies of a 30-bp imperfect palin- and antibody supershift assays indicated that IE-1 bound
drome with an EcoRI site at its center and is flanked on to a single hr5 palindrome as a dimer (Rodems and Frie-
both sides by approximately 20 bp of a direct repeat sen, 1995).
element (Ayres et al., 1994; Guarino et al., 1986; Kool et We previously demonstrated that a single hr1a-derived
al., 1995). palindrome, in combination with one or more undefined
The hr regions of the AcMNPV have been shown to elements from a region flanking hr1a, was sufficient to
function as enhancers of RNA polymerase II-mediated allow infection-dependent replication (Leisy et al., 1995).
transcription when cis-linked to the promoter regions of Small insertions or deletions at the center of this palin-
a number of baculovirus early genes including 39K (Car- drome resulted in the loss of both replication and ie-1-
son et al., 1988; Guarino and Summers, 1986), p35 (Nis- dependent transactivation activity, but retained the ability
sen and Friesen, 1989; Rodems and Friesen, 1995), and to bind IE1. Similar mutations within the central core of
an hr5-derived palindrome also disrupted hr enhancer
function (Rodems and Friesen, 1995) without affecting1 To whom correspondence and reprint requests should be ad-
IE-1 binding. This suggests that an IE-1 dimer binds todressed at Department of Agricultural Chemistry, Oregon State Univer-
two properly positioned half sites within the palindromesity, Corvallis, OR 97331-7301. Fax: (503) 737-0497. E-mail: rohrmann@
bcc.orst.edu. to activate the replication and enhancer functions of IE-
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1. Alternatively, the hr palindromes may confer essential pHr1aDEco and their GUS derivatives were previously
described (Leisy et al., 1995). pHR-imperfect and pHR-structural features that are important for replication and
transactivation. DNA transitions such as local base pair perfect were constructed by digestion of pBluescript
KS0 (pKS) (strategene) with BamHI and XhoI, treatmentmelting are necessary for both transcription (Eick et al.,
1994) and replication (DePamphilis, 1993). In both these with S1 nuclease to blunt-end the vector, followed by
ligation in the presence of oligonucleotides. The oligo-processes, single-stranded DNA serves as a template
either for RNA transcript or DNA daughter-strand produc- nucleotides used for construction of pHR-imperfect
had the following sequences: 5*-GAACTCGCTTTACG-tion. Cruciform structures and easily unwound DNA se-
quences have been detected at Epstein–Barr virus ori- AGTAGAATTCTACTTGTAAAACACAATC-3* and 5*-GA-
TTGTGTTTTACAAGTAGAATTCTACTCGTAAAGCGA-gins of replication (Williams and Kowalski, 1993). Theo-
retically, the 30-bp imperfect consensus hr palindrome GTTC-3*. The oligonucleotides used for construct of
pHR-perfect palindrome had the following sequences:could convert into a cruciform structure with two 13-bp
stems each containing two sites of mismatches. Transi- 5*-GAACTCGTTTTACAAGTAGAATTCTACTTGTAAA-
ACACAATC-3* and 5*-GATTGTGTTTTACAAGTAGAAT-tions such as cruciform formation at hr regions in
AcMNPV may facilitate local base pair melting thereby TCTACTTGTAAAACGAGTTC-3*. These four oligonu-
cleotides are called A, B, C, and D, respectively. Aassisting the processes of baculovirus transcription and
replication. control plasmid, pKS-F, was constructed by religating
S1 nuclease-treated BamHI/XhoI-digested pKS-. pHR-Cruciform formation has also been shown to be im-
portant for high affinity binding of the cAMP response imperfectGUS was constructed by digesting pHr-im-
perfect with KpnI and XbaI, isolating the 69-bp frag-element-binding protein (CREB) to the human enkephalin
enhancer (McMurray et al., 1991; Spiro et al., 1993). The ment containing the imperfect palindrome and ligating
the fragment into KpnI/XbaI-digested p39KGUSpl18enkephalin enhancer contains two cAMP response ele-
ments, CRE-1 and CRE-2, that are necessary for CREB- (Leisy et al., 1995). pHR-perfect was constructed in an
identical manner.mediated transactivation. CRE-1 and CRE-2 are half-sites
located within a 23-bp imperfect palindromic sequence
Virus and cell culturesimilar to the AcMNPV hr sequences. CREB does not
bind the duplex form of CRE-1 and -2 DNA efficiently. Spodoptera frugiperda cells (Sf9, ATCC CRL 1711)
However, it binds with high affinity to the hairpin, con- were grown at 277 to a density of 2 1 106 cells/ml in
taining two mismatched GT base pairs, that are formed TNM-FH medium (Summers and Smith, 1987) containing
when the CRE-1 and -2 containing palindrome is con- 10% fetal bovine serum (FBS), penicillin G (50 U/ml),
verted to a cruciform structure. streptomycin (50 mg/ml, Whittaker Bioproducts), and fun-
This report describes investigations to test whether gizone (Amphotericin B, 500 ng/ml, Flow Laboratories)
the hr palindrome forms a cruciform in vitro and what before use in transfection experiments.
role a hr cruciform or single-stranded region may play in
baculovirus transcription and the binding of IE-1. Oligo- Transfections
nucleotides containing the AcMNPV hr consensus ‘‘im-
Log-phase cells were seeded into six-well plates (1.25perfect’’ palindrome sequence and a similar ‘‘perfect’’ pal- 1 106 cells/well) and allowed to attach for 4–12 hr. Afterindrome sequence containing no mismatched basepairs
the cells were attached, the medium was removed andwere synthesized. The presence of cruciforms or single-
replaced with 0.4 ml of Grace’s insect medium with 10%stranded regions in plasmids containing the imperfect
FBS. An equal volume of transfection buffer (25 mMand perfect palindromes was characterized using
HEPES, pH 7.1, 140 mM NaCl, 125 mM CaCl2-2H2O) con-nuclease P1 assays and two-dimensional (2-D) electro-
taining plasmid DNA was applied dropwise to the wellphoresis of topoisomer ladders. Gel retardation analyses
and mixed thoroughly by gentle rotation of the titer plate.were employed to characterize the ability of IE-1 to bind
After 4 hr, the transfection mixture was removed andto the imperfect and perfect palindromes. Last, experi-
replaced with 1 ml of fresh TNM-FH medium and incu-ments to compare the ability of the perfect and imperfect
bated for 24 hr at 277.palindrome to act as enhancer elements were performed.
b-glucuronidase assay
MATERIALS AND METHODS
Sf9 cells, seeded at 1.25 1 106/well in six-well
Construction and propagation of plasmids
plates, were transfected with pIe-1 and b-glucuroni-
dase (GUS) reporter constructs (see text and figureRestriction and DNA modifying enzymes were pur-
chased from New England Biolabs, Inc. (NEB) or Pro- legends). After 24 hr, the cells were harvested by
scraping, transferred to microfuge tubes, and pelletedmega. Plasmids for transfections were propagated in
Escherichia coli strain DH5a and purified on Qiagen by centrifugation at 11,000 RPM for 3 min in a micro-
fuge. The cell pellets were resuspended in 200 ml PBScolumns (Qiagen, Inc.) The plasmids pIe-1, pHr1a,
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FIG. 1. Potential cruciform structure of the hr perfect and imperfect palindromes. The conversion of the linear double-stranded hr perfect and
imperfect sequences to cruciform structures are indicated by the arrows. The imperfect and perfect oligonucleotide sequences are shown in capital
letters while the sequences derived from the pKS-vector are indicated by lower case letters. The stars indicate the sites of mismatched base pairs
in the cruciform structure. The conserved EcoRI site, which forms the apex of the cruciform, is boxed in the linear diagram.
(120 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 , 1.8 mM plexes were resolved by electrophoresis on 4.2% poly-
acrylamide/3% glycerol gels in 8.0 mM Tris–HCl (pH 7.9),KH2PO4 (pH 7.4)) and lysed by three freeze – thaw cy-
cles. Insoluble debris was removed by centrifugation 6 mM Sodium Acetate, 1 mM EDTA. Electrophoresis was
carried out at 200 V for 3–5 hr at 47. The AcMNPV p10at 11,000 RPM for 3 min and the supernatants were
assayed for GUS activity using the fluorogenic assay promoter fragment used in the competition experiments
was isolated by XhoI digestion of a construct, pCR8, con-(Jefferson, 1987).
taining the HincII– SstI fragment from HindIII-Q cloned
into HincII/SstI-digested pBKS-. XhoI cleaves pCR8 onceElectrophoretic mobility shift analyses
in the vector polylinker and once upstream of the p10
Whole-cell extracts from pIe-1 and pKS-transfected Sf9 promoter, producing a 297-bp DNA fragment encom-
cells were prepared as described (Leisy et al., 1995). passing the p10 promoter region. The 430-bp hr1a frag-
The imperfect and perfect oligonucleotides were labeled ment was isolated by digestion of pHR1a (Leisy et al.,
using [g-32P]ATP and T4 polynucleotide kinase (Sam- 1995) with BamHI and HindIII.
brook et al., 1989) and purified on G-50 Sephadex (Phar-
P1 nuclease assaysmacia) spin columns. Radiolabeled probes (10,000 cpm)
were incubated for 20 min at 47 with the amount of extract The nuclease P1 (Pharmacia) reactions were per-
formed in 20 mM MES (pH 6.6), 0.1 mM EDTA and 25indicated in a total volume of 20 ml containing 10 mM
Tris (pH 7.9), 100 mM NaCl, 1 mM dithiothreitol, 20% mM NaCl at 377 for 15 min similar to the procedure of
Williams and Kowalski (1993). The units of nuclease P1glycerol, 1 mg poly-dIdC (Sigma Chemical Co.) (Guarino
and Dong, 1991). For the electrophoretic mobility su- used varied between 0.3 and 1.4 and are indicated in
the figure legends. After P1-digestion, one-half of thepershift experiments, IE-1 polyclonal antibodies (a gener-
ous gift from Dr. Claude Delsert (Ohresser et al., 1994)), sample was directly analyzed on a 1% agarose gel while
the remainder of the sample was digested with the re-at the indicated dilutions, were added to the samples
and further incubated for 10 min. DNA–protein com- striction enzyme ScaI before electrophoresis.
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FIG. 2. Nuclease P1 assay of pHr-perfect, pHr-imperfect, and pKS-F. (A) Nuclease P1 digestion of supercoiled pHr-imperfect, pHr-perfect, and
pKS-F plasmid DNA. (B) ScaI digestion of the nuclease P1-treated pHr-imperfect, pHr-perfect, and pKS-F plasmid DNA. The numbers above the
wells indicate the units of nuclease P1 used in the reaction. The lane marked M contains the BRL 1-kb DNA ladder. Samples in the lanes marked
1.0S were digested with ScaI before digestion with 1.0 unit of nuclease P1.
Two-dimensional-gel electrophoresis of circular DNA stranded DNA regions (such as those found at the apices
topoisomers of cruciforms) in circular supercoiled plasmids (Williams
and Kowalski, 1993). If P1 cleavage occurs at specific
Two-dimensional gel electrophoresis of circular DNA
single-stranded sites within the plasmid DNA, the sites
topoisomers was performed as described in (Bowater et
of cleavage can be mapped following digestion with re-al., 1992) with the following modifications: Topoisomer-
striction endonucleases and gel electrophoresis. In orderase I ladders of plasmid DNA were made by incubating
to determine whether hr palindromes form cruciforms3.0 mg of Qiagen-prepared supercoiled plasmid DNA in
and if mismatches within the palindrome have an effect50 mM Tris–HCl (pH 7.5), 0.1 mM EDTA, and 100 mM
on the formation of these structures, two sets of palin-KCl in the presence of 1 ml Topoisomerase I (kindly pro-
drome-containing oligonucleotides were synthesizedvided by Dr. Peter Yan [University of California at Davis])
and cloned into pKS-. One set contains a consensus(Peck et al., 1982) and increasing amounts of a 50 mM
imperfect palindrome and the other contains a similarethidium bromide stock solution for 4 hr at 377. Topo-
sequence altered to form a perfect palindrome with noisomerase I reactions were extracted with an equal vol-
mismatched base pairs in the potential stem region (seeume of Tris-buffered phenol (pH 8.0) followed by extrac-
Materials and Methods and Fig. 1).tion with 2 vol of NaCl-saturated butanol. Plasmid DNA
The negatively supercoiled plasmids, pHr-imperfect,was precipitated by addition of 6 ml 5 M NaCl and 250
pHr-perfect, and a control plasmid pKS-F lacking an hrml of 100% ethanol, and subsequent incubation at 0207
palindrome, were digested with P1 nuclease to locatefor 30 min. The DNA was then pelleted by centrifugation
single-stranded regions (Fig. 2A). While the starting plas-at 47 at 14,000 rpm for 30 min before being combined
mid preparations contain a minor amount of relaxed andand resuspended in a total volume of 50 to 75 ml of
nicked plasmid, cleavage of each sample by increasingTlowE (10 mM Tris–HCl (pH 7.5) and 0.1 mM EDTA). Five
amounts of nuclease P1 resulted in the conversion ofmicroliters of the topoisomer mix were combined with
the supercoiled plasmids to nicked and linear molecules.1.25 ml of 51 TlowE buffer and incubated for at least 2
Digestion of P1-treated plasmids with the restriction en-hr at 23 or 377. The samples were then electrophoresed
zyme, ScaI, which cleaves at a single site in these plas-as indicated in the figure legends. The gel was then
mids produces several distinct bands in the pKS-F con-stained in ethidium bromide solution and photographed.
trol vector (Fig. 2B). This result is not unexpected since
the parent vector of pKS-F is a derivative of pBR322,RESULTS
which has been shown to contain a major and two minor
Analysis of cruciform formation: Nuclease P1 sites of cleavage that correlate with sequences con-
analyses
taining inverted repeats (Lilley, 1980). The digestion pat-
tern of the pHr-imperfect construct was indistinguishableP1 nuclease, a single-strand-specific nuclease, can be
used to determine the presence and location of single- from pKS-F, suggesting that the consensus hr palin-
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FIG. 3. Two-dimensional electrophoresis of pHr-perfect and pHr-imperfect topoisomers. For each construct, the ethidium bromide-stained agarose
gel and a schematic representation of the gel is shown. Topoisomers were electrophoresed on 1.2% agarose gels at 85 V for 20 hr in the first
dimension and for 16 hr at 85 V in the presence of 6.0 mg/ml chloroquine in the second dimension. In the schematic representation, the linking
numbers of selected topoisomers are indicated, the arrows show the DNA structural transition and the numbers in parentheses indicate the change
in twist associated with the transition. NC denotes nicked circular DNA. (A) pKS-F, the vector control; (B) pHR-imperfect; (C) pHr-perfect.
drome containing two mismatches does not form a cruci- If an altered DNA structure such as a cruciform is pres-
form or single-stranded region under these experimental ent, it can be stabilized by supercoiling at the energy
conditions. However, ScaI digestion of pHr-perfect re- level appropriate for that particular structure. This is man-
sulted in the production of specific fragments of 1.2 and ifested by a change in mobility of topoisomers at the
1.8 kb, indicating that an additional nuclease P1-sensitive structural transition point and, in the case of the forma-
site occurs within this construct. The sizes of the frag- tion of a cruciform, would retard the migration of to-
ments produced are consistent with the formation of a poisomers of the appropriate energy level. In order to
P1-sensitive site at or near the perfect palindrome and resolve the topoisomers and identify any structural tran-
are in accordance with the formation of a cruciform struc- sitions that may have occurred, the gel is soaked in an
ture by the perfect palindrome. intercalating agent, usually chloroquine, and electropho-
resis is performed in a second dimension. Intercalation
Analysis of topoisomers causes local unwinding and the molecule compensates
by becoming more positively supercoiled. Resolution ofTwo-dimensional (2-D) gel electrophoresis of to-
topoisomers and structural transitions can be improvedpoisomer ladders provides another method for detecting
by addition of differing amounts of chloroquine and alter-DNA structural transitions. For a cruciform, this analysis
ing the gel composition. Formulas for calculating thecan provide additional information including the free en-
length of the extruded DNA structural component of theergy of formation (DG)7 for a DNA structural transition
cruciform, the free energy, and the superhelical densityand the length of the DNA extrusion. In this procedure,
of cruciform formation have been described (Bowater etplasmid DNA is treated with topoisomerase I in the pres-
al., 1992). These formulas require knowledge of the sizeence of varying concentrations of the intercalator ethid-
of the plasmid in bp and the determination of the linkingium bromide. The resulting set of topoisomers contain
number of the topoisomer at the midpoint of the DNAdifferent linking numbers which reflect the degree of su-
structural transition.percoiling in the molecules. Agarose gel electrophoresis
2-D gel analyses of topoisomers of the pHr-imperfect,in one direction resolves a topoisomer ladder according
to the number of supercoils, or writhe of a topoisomer. pHr-perfect, and the vector control, pKS-F were per-
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FIG. 4. Electrophoretic mobility shift analyses of hr perfect and imperfect palindromes. The radiolabeled oligonucleotides containing the perfect (lanes
1–9) and the imperfect (lanes 10–18) palindromes were incubated in the presence of increasing amounts of whole-cell extract prepared from either pIe-
1 transfected (lanes 6–9 and 15–18) or mock-transfected (lanes 2–5 and 11–14) Sf9 cells as indicated. Protein concentration of extract was 2.5mg/ml.
formed by electrophoresis on 1.2% gels for 20 hr at 85 V were observed when the control construct, pKS-F (Fig.
3A) and pHr-imperfect (Fig. 3B) were analyzed. Similarin the first dimension and for 16 hr at 85 V with 60 mg/
ml chloroquine in the second dimension. No transitions results were observed when these constructs were ana-
FIG. 5. Electrophoretic mobility supershift analyses of hr imperfect and perfect palindrome. The radiolabeled oligonucleotides containing the
imperfect palindrome (A) and the perfect palindrome (B) were incubated in the presence of 12.5 mg whole-cell extract prepared from pAcIE-1-
transfected Sf9 cells. After a preincubation period of 15 min, dilutions (indicated at the top of each lane) of rabbit polyclonal antibodies to AcMNPV
IE-1 (lanes 3–5), preimmune serum (lanes 9–11), or rabbit polyclonal antibodies to OpMNPV polyhedrin (lanes 6–8) were added to the reaction
mixture for a further 10 min before complexes were resolved by gel electrophoresis.
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FIG. 6. Electrophoretic mobility shift competition analyses of Hr imperfect and perfect palindromes. (A) The radiolabeled oligonucleotides containing
the imperfect palindrome were incubated in the presence of 12.5 mg whole-cell extract prepared from pAcIE-1-transfected Sf9 cells. Both radiolabeled
probe and competitor DNA were added simultaneously to the reaction mixtures. Competitor DNA was added in excess molar amounts as indicated
at the top of each lane: lanes 3 –6, unlabeled imperfect palindrome oligonucleotides; lanes 7–10, unlabeled perfect palindrome oligonucleotides;
lanes 11 and 12, unlabeled 297-bp XhoI–XhoI AcMNPV p10 promoter fragment; lanes 13 and 14, unlabeled 430-bp hr1a-containing fragment. (B)
Identical to A except that the radiolabeled oligonucleotides containing the perfect palindromes were used.
lyzed in 1.5% agarose gels electrophoresed for 30 h in cells to annealed double-stranded radiolabeled oligo-
the first dimension and 24 hr in the presence of 1.8 mg nucleotides containing either the imperfect palin-
chloroquine/ml in the second dimension (data not drome consensus or the altered perfect palindrome
shown). In contrast, DNA structural transitions were ob- resulted in the formation of DNA – protein complexes
served when pHr-perfect topoisomers were subjected to (Fig. 4). Quantification using a phosphorimager showed
2-D gel analysis (Fig. 3C). Calculations using the pHr- that doubling the amount of extract used increased the
perfect data indicated that 9.6 kcal/mol was required to portion of shifted complex twofold using either Hr-imper-
form the hr perfect cruciform and that 30 bp were ex- fect or Hr-perfect as probes. Proteins from extracts de-
truded from the plasmid. This result correlates well with rived from cells transfected with pIe-1 seemed to bind
expected cruciform structure which consists of 30 bp either probe with similar affinities. Gel retardation assays
and is consistent with the nuclease P1 analysis which performed in the presence of polyclonal antibodies to IE-
indicated that the pHr-perfect construct contained a P1- 1 resulted in the appearance of slower migrating com-
sensitive site at or near the hr palindrome. The midpoint plexes, indicating that IE-1 is a component of the DNA –
structural transition was observed at a superhelical den- protein complex bound to both the consensus imperfect
sity of 00.055 (Bauer, 1978). Since many naturally oc- hr palindrome (Fig. 5A) and the perfect palindrome (Fig.
curring DNA molecules have superhelical densities of 5B). Supershifts were not detected when preimmune se-
approximately 00.06, this data suggests that this transi- rum (Fig. 5, lanes 9–11), polyclonal antibodies to the
tion would occur in vivo. OpMNPV polyhedrin protein (Rohrmann, 1977) (Fig. 5,
lanes 6–8), or mouse monoclonal antibodies to Drosoph-
IE-1 binding to the hr perfect and imperfect ila TATA binding protein (data not shown) were added
oligonucleotides to the reaction mixture.
To confirm that the protein complex binds specificallyTo determine if IE-1 was capable of interacting with
to the imperfect (Fig. 6A) and perfect (Fig. 6B) palin-the imperfect and perfect palindrome constructs, gel
dromes, the complex was competed by addition of in-retardation assays were employed using extracts
creasing amounts of unlabeled perfect and imperfect oli-from pIe-1-transfected cells. Addition of increasing
amounts of whole-cell extract from pIe-1-transfected gonucleotides to the reaction. Quantification indicated
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that the complex was competed equally well with either
the Hr-imperfect or Hr-perfect oligonucleotides; the ratio
of bound to free probe decreased at the same rate with
either competitor. We also observed that addition of 60-
and 120-fold molar excess of the hr1a-containing frag-
ment resulted in competition of the shifted complexes,
while 60- and 120-fold molar excess of the DNA fragment
containing the AcMNPV p10 promoter did not result in a
decrease in the amount of complex formed. These results
indicated that the protein(s) in the shifted complex were
binding to both the Hr-perfect and Hr-imperfect oligonu-
cleotides in a sequence-specific manner.
As previously mentioned, a hairpin structure con-
taining mismatched base pairs is required for high-affin-
ity binding of the cAMP response element-binding pro-
FIG. 8. Enhancer activity of hr constructs. 0.5 mg of p39KGUSpI18,tein (Spiro et al., 1993). The AcMNPV hr central core
pHr1aGUS, pHR1aDEcoGUS, pHr-perfectGUS, or pHr-imperfectGUS
palindrome is highly conserved and includes two regions were cotransfected into 1.25 1 106 Sf9 cells with 0.1 mg of pAcIE-1.
of mismatched base pairs. Therefore, we were interested Each column represents the average of three independent transfec-
tions with the standard deviation indicated.in testing whether the predicted hr cruciform structure
containing these mismatches was a high-affinity binding
site for AcMNPV IE-1. Using gel retardation analysis, we
1995) were included in these experiments. The enhancerfailed to detect specific binding to each of the radiola-
activities of these hr palindromes were determined bybeled single oligonucleotides containing the hr palin-
measuring the GUS activities in extracts of Sf9 cells thatdrome sequence that had been boiled in 50 mM NaCl,
had been cotransfected with these GUS reporter con-50 mM Tris–HCl, pH 7.5, 1 mM EDTA and slowly an-
structs and pIe-1. These results were compared to thenealed to promote formation of a hairpin structure (See
GUS activity from cells transfected with p39KGUSpl18Figs. 7A and 7B, lanes 15–20). In contrast to double-
which lacks an enhancer.stranded oligonucleotides, unlabeled slowly annealed
All of the constructs containing variations of the hrsingle oligonucleotides failed to act as competitors (Figs.
palindrome enhanced transcription significantly above7A and 7B, compare lanes 3–10 to 11–14). These results
that observed for the enhancerless control, p39KGUSpl18suggest that IE-1 does not bind to hairpin structures with
(Fig. 8). The constructs containing variations of a singleor without mismatched bases.
palindrome (pHr1aDEco, pHr-imperfectGUS, and pHr-
perfectGUS) (Fig. 8, columns 2–4) all showed similarEnhancer activity of perfect and imperfect
levels of activation which was about one-third the levelpalindromes
of pHr1aGUS (column 1). These data indicate that
Since hrs function as enhancers of early gene expres- changes in the base composition at the mismatched po-
sion (Carson et al., 1988; Guarino and Summers, 1986; Lu sitions within the hr sequence do not effect the ability of
and Carstens, 1993; Nissen and Friesen, 1989), the effects the hr to enhance transcription.
on enhancer activity of altering the AcMNPV hr sequence
from an imperfect to a perfect palindrome was examined. DISCUSSION
The oligonucleotides were subcloned into the GUS re-
porter plasmid p39KGUSpl18 (Leisy et al., 1995), creating The results of the nuclease P1 assay and two-dimen-
sional electrophoresis of the pHr-imperfect topoisomerspHr-imperfectGUS and pHr-perfectGUS. Two other GUS
constructs, pHr1aGUS (containing two palindromes) and showed that a single AcMNPV consensus hr palindrome
does not form a cruciform in vitro. However, the samepHr1aDEcoGUS (containing one palindrome) (Leisy et al.,
FIG. 7. Electrophoretic mobility shift analyses using the Hr-imperfect and Hr-perfect oligonucleotides singly as competitors. The double-stranded
radiolabeled oligonucleotides containing the imperfect (A) or perfect (B) palindrome were incubated in the presence of 12.5 mg whole-cell extract
prepared from pIe-1-transfected Sf9 cells. Both radiolabeled probe and competitor DNA, a radiolabeled single oligonucleotide, were added simultane-
ously to the reaction mixtures. Competitor DNA was added in excess molar amounts as indicated at the top of each lane. (A) lanes 3–6, unlabeled
imperfect palindrome oligonucleotide A; lanes 7–10, unlabeled imperfect palindrome oligonucleotide B; lanes 11–14, unlabeled double-stranded
imperfect palindrome oligonucleotides. Electrophoretic mobility shift analyses using the single radiolabeled oligonucleotide A (lanes 15–17) and B
(lanes 18–20) were also performed. 12.5 mg of mock (lane 16 and 19) or pIe-1 (lane 17 and 20) transfected extracts was used. (B) lanes 3–6,
unlabeled perfect palindrome oligonucleotide C; lanes 7–10, unlabeled perfect palindrome oligonucleotide D; lanes 11–14, unlabeled double-
stranded perfect palindrome oligonucleotides. Gel retardation analyses using the single radiolabeled oligonucleotide C (lanes 15–17) and D (lanes
18–20) were also performed. 12.5 mg of mock (lane 16 and 19) or pAcIE-1 (lane 17 and 20) transfected extracts was used.
AID VY 8155 / 6a1f$$$663 09-04-96 20:20:31 vira AP: Virology
244 RASMUSSEN ET AL.
assays performed using the pHr-perfect plasmids indi- porter gene constructs showed that the perfect and im-
perfect palindromes both functioned as enhancers ofcated that this construct contains an altered DNA struc-
ture, at or near the palindromic sequence. Characteriza- transcription. These results, taken together with the gel
retardation data, indicate the 42 bp encompassing thetion of the pHr-perfect cruciform using 2-D gel electro-
phoresis indicated that it required 9.6 kcal/mol to form, AcMNPV hr central palindrome is all that is required for
minimal enhancer function.extruded 30 bp, and occurred at a superhelical density
(00.055) which is similar to that observed for naturally
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